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Abstract 
Density functional theory (DFT) calculations of electronic energy bands of CexHf1-xO2 (x=0.5 and 0.75) are 
investigated within the generalized gradient approximation (GGA) and taking into account relativistic 
contributions. Nonlinear core corrections terms are used. Our plotted band structures show that the valence bands 
are separated from the conduction bands by an indirect band gap of 4.14eV, from X to Γ and direct band gap of 
4.18eV at X for Ce0.75Hf0.25O2. For Ce0.5Hf0.5O2, the indirect band gap is 3.56eV from X to Γ and direct band gap 
of 3.84eV at Γ. Hence, the fundamental band gap in these alloys are indirect. We found a direct band gap of 
5.90eV for CeO2 at the Γ point, in good agreement with experiment. We also calculated lattice parameters of 
5.28Ǻ and 5.37Ǻ for Ce0.5Hf0.5O2 and Ce0.75Hf0.25O2 respectively. Hf doping in ceria (CeO2) results in reduced 
band gap compared to pure ceria. From the density of states (DOS) plot, the band gap is formed predominantly 
from O2p and (Ce, Hf)5d states from valence and conduction bands respectively. The calculated wide band gap 
of the oxides show that they are active in ultraviolet (UV) radiation and so can be applied as UV blockers. 
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INTRODUCTION 
Due to reducing property and high oxygen storage capacity (OSC) of ceria, it is commonly used as a catalyst for 
many chemical processes. Unfortunately, the applications of pure ceria are deficient at high temperature. And so 
to make ceria well applicable at broad range of temperatures, dopants must be added to it. This enhances its 
characteristic properties. Researchers have shown that doping of hafnia (Hf) into the ceria lattice highly 
enhances the oxygen storage capacity (OSC), thermal stability and reducibility of the produced mixed oxide [1-
5]. CexHf1-xO2 mixed oxides are used as catalysts in CO oxidation [6], as three way catalyst (TWC) [7] and for 
soot oxidation [8].  
Ceria-hafnia mixed oxides are also useful because of their oxygen storage/release properties [9-11] that find 
applications in oxygen storage capacitors, nuclear reactors and thermal barrier coatings. It has already been 
shown that CexHf1-xO2 for x=0.5 and 0.75 crystallizes in the cubic fluorite structure [12-16]. 
As the size of SiO2 gate dielectric films used in complementary oxide semiconductor (CMOS) devices is 
reduced, the current leakage in the gate becomes high [17-19]. Hence, the need to replace the SiO2 gate 
dielectrics with a high dielectric material which permits high gate capacitance without leakage current. Many 
researches have been carried out in order to find a substitute for future use [20-22]. Many high dielectric 
materials were discovered which can replace SiO2. Among them is CexHf1-xO2 [23].  
The introduction of Hf gives rise to modifications of electronic structure of CeO2. Unfortunately, theoretical 
informations about the electronic properties of CexHf1-xO2 is very scarce. The aim of this present work is to study 
the electronic structures of the mixed oxides using density functional theory (DFT) calculations.  
The knowledge of the electronic structures of these mixed oxides would aid in the design of gate oxide in   
microelectronics and energy related applications such as solid oxide fuels, gas-sensors and optics.  
 
COMPUTATIONAL METHOD 
The electronic properties of the mixed oxides are investigated using electronic structure calculation based on the 
generalized gradient approximation (GGA) within the density functional theory (DFT) [24,25]. The exchange 
correlation energy of the electrons is described in the GGA. The GGA functional from Perdew, Burke and 
Ernzerhof [26] is used to model the exchange and correlation energy of the electrons. Ultrasoft pseudopotential 
in the plane wave basis sets as implemented within the quantum espresso package is used [27]. A plane wave 
cutoff kinetic energy of 100Ry was chosen. Calculations were performed on 12 atoms supercell of the fluorite 
structures. A 6x6x6 k-point grid was used to obtain a well converged sampling of the Brillouin zone. The k 
integration over the Brillouin zone is performed using the Monkhorst and Pack mesh [28]. Scalar relativistic 
calculation [29-31] is done and non-linear core correction terms are also included [32]. 
The electronic configurations for Ce, Hf and O are Ce: Xe 4f1 5d1 6s2, Hf: Xe 4f14 5d2 6s2 and O: He 2s2 2p4. 
For the constituent elements, the valence electron configurations used are: Ce- 5s2, 6s2, 5p6, 6p6 and 5d1, Hf- 5s2, 
6s2, 5p6 and 5d2, O- 2s2 and 2p4. The f-electron is treated as a localized core state. The 3d excited state of 
Oxygen is included. 
The iteration process was repeated until the calculated total energy of the crystals converged to less than 
1mRyd.  Convergency was achieved in nine iterations for the alloys and in seven iterations for CeO2.  
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RESULTS AND DISCUSSION 
We have used first principles calculation to investigate the electronic structures of ceria-hafnia for x=0.5 and x= 
0.75. Both alloys crystallize in the cubic fluorite structure as shown in Figure 1 and 2. For comparison purpose, 
we calculated the band gap of CeO2, although many DFT calculations of the electronic and structural properties 
of CeO2  have been performed [33-43]. Ceria is a lanthanide oxide with the cubic fluorite structure. Ceria is a 
wide band gap material with valence and conduction band built primarily from O2p states and Ce5d states 
respectively. Between these two bands lies a narrow Ce4f band. Experimentally, the O2p-Ce5d band gap is about 
6eV [44]. 
In this work, the lattice parameters of CeO2, Ce0.5Hf0.5O2 and Ce0.75Hf0.25O2 are calculated to be 5.41Ǻ, 
5.28Ǻ and 5.37Ǻ respectively. The band energies at high symmetry points for Ce0.5Hf0.5O2 and Ce0.75Hf0.25O2 
from DFT-PBE calculations are given in Table 1 and 2. The valence band energy at each point is represented by 
Ev while the conduction band energy is represented by Ec. The valence band maximum and conduction band 
minimum are represented with bold fonts. For easy comparison, the band gaps (Eg) of CeO2, Ce0.5Hf0.5O2 and 
Ce0.75Hf0.25O2 are listed in Table 3. The band gap presented is between O2p and (Ce,Hf)5d states. 
The electronic band structures of Ce0.5Hf0.5O2 and Ce0.75Hf0.25O2 are given in Figure 3 and 4 respectively. 
For Ce0.5Hf0.5O2, the direct band gap is 3.84eV at Γ while the indirect band gap X → Γ is 3.56eV. Therefore, the 
fundamental band gap of the alloy is indirect (3.56eV).  For Ce0.75Hf0.25O2, the direct band gap is 4.18eV at X 
while the indirect band gap which is also the fundamental band gap is 4.14eV from X → Γ is 3.56eV. From the 
band structure plot, both mixed oxides are wide band gap insulators. They show good UV light absorption 
region. They could be used as photocatalysts. Light having energy within the band gap energies of these oxides 
can be absorbed by them.    
As we have taken 4f-orbitals in core part of Ce and Hf basis set so f orbital bands are absent in the shown 
energy band. From DOS plots in Figure 5 and 6, energy bands of CexHf1-xO2 (x=0.5 and 0.75) are divided into 
five parts. The first energy band in the valence band are mainly due to 2s states of O atom. The next two regions 
contain the contribution of Ce-p and Hf-p orbitals respectively. The region just below the Fermi level EF is 
predominately p states of O, with only a small contribution from d-Ce and d-Hf states. Above the Fermi level, 
the region is predominately d states of the metals with a very small contribution of their s-states. That means 
valence bands are formed mostly by oxygen p states, while conduction bands are formed majorly by Cerium and 
Hafnium 5d states. Therefore, we conclude that the 5d electrons of Ce, 5d electrons of Hf atoms and 2p electrons 
of O atom play a major role in deciding the size of band gap. 
               
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Ball and Stick representation of                                       Figure 2: Ball and Stick representation of                                                                                    
Ce0.5Hf0.5O2                                                                                                Ce0.75Hf0.25O2 
 
Table 1: Band energies at high symmetry points in Ce0.75Hf0.25O2. The valence band maximum is set to 
zero. 
Kpoints Ev(eV)  Ec(eV)  
L -0.57 4.35 
Γ -0.20 4.14 
X 0.00 4.18 
W -0.32 4.32 
K -0.32 4.34 
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Table 2: Band energies at high symmetry points in Ce0.5Hf0.5O2. The valence band maximum is set to zero 
kpoints Ev(eV)  Ec(eV)  
L -0.61 4.20 
Γ -0.28 3.56 
X 0.00 4.22 
W -0.36 4.32 
K -0.36 4.26 
 
Table 3: Electronic band gap of CeO2, Ce0.75Hf0.25O2 and Ce0.5Hf0.5O2 
System Direct Eg(eV) Indirect Eg(eV) Experimental Eg(eV) 
CeO2 5.90 5.68 6 (direct) 
Ce0.75Hf0.25O2 4.18 4.14     ― 
Ce0.5Hf0.5O2 3.84 3.56     ― 
 
    
         L                        Γ                   X        W  K                          Γ 
Figure 3: Electronic Band structure of Ce0.5Hf0.5O2. The vertical axis represents the energy in eV while the 
horizontal axis represents the high symmetry points.  
 
    
         L                        Γ                   X        W  K                         Γ 
Figure 4: Electronic Band structure of Ce0.75Hf0.25O2. The vertical axis represents the energy in eV while 
the horizontal axis represents the high symmetry points.  
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Figure 5: Density of states of Ce0.5Hf0.5O2 
 
 
Figure 6: Density of states of Ce0.75Hf0.25O2 
 
CONCLUSION 
In summary, using density functional theory, we have studied the electronic properties of Ce0.5Hf0.5O2 and 
Ce0.75Hf0.25O2 within GGA for exchange correlation potential. In addition to the electronic band structure, we 
obtained the density of states. 
Our calculations led to ground state electronic properties. We found that the fundamental band gaps of 
CexHf1-xO2 are indirect band gaps, from X to Γ, of 3.56eV and 4.14eV respectively. The calculated direct band 
gap of CeO2 of 5.90eV, at the Γ points, is in agreement with the result of experiments. The calculated band gap 
energy shows that the alloys can absorb in the short wavelength UV light and hence can find application in the 
UV metal-insulator-semiconductor light emitting diodes and UV light blockers. 
We expect the calculated band gap of the mixed oxides to enable future comparisons with experimental 
measurements, such as optical reflectivity.  
The electronic properties of the alloys can be studied using other methods for comparison purpose. The 
obtained results can be used as a reference data in studies of ceria-hafnia alloys with different x concentrations. 
We consider that the results obtained are only one predictive study, by expecting that our present research will 
induce more works on the mixed oxides. 
Advances in Physics Theories and Applications                                                                                                  www.iiste.org 
ISSN 2224-719X (Paper) ISSN 2225-0638 (Online) 
Vol.74, 2018         
 
5 
 
REFERENCES 
[1] Vinodkumar, T., Durgasri, D.N. and Reddy, B.M. (2013). “Design of transition and rare earth metal doped 
ceria nanocomposite oxides for CO oxidation”, International Journal of Advanced Engineering Science and 
Applied Mathematics 5(4), 224-231. 
[2] Rothensteiner, M., Bonk, A., Vogt, U.F., Emerich, H. and van Bokhoven, J.A. (2017). “Structural changes in 
equimolar ceria hafnia materials under solar thermochemical looping conditions: cation ordering, formation 
and stability of the pyrochlore structure”, Royal Society of Chemistry Advances 7(85), 53797-53809. 
[3] Scheffe, J.R., Jacot, R., Patzke, G.R. and Steinfeld, A. (2013). “Synthesis, characterization and 
thermochemical redox performance of Hf4+, Zr4+, and Sc3+ doped ceria for splitting CO2”, Journal of 
Physical Chemistry C 117(46), 24104-24114. 
[4] Bonk, A., Maier, A.C., Schlupp, M.V., Burnat, D., Remhof, A., Delmelle, R., Steinfeld, A. and Vogt, U.F. 
(2015). “The effect of dopants on the redox performance, microstructure and phase formation of ceria”, 
Journal of Power Sources 300(11), 261–271. 
[5] Bonk, A., Remhof, A., Maier, A.C., Trottmann, M., Schlupp, M.V.F., Battagla, C. and Vogt, U.F. (2016). 
“Low temperature reducibility of MxCe1-xO2 (M= Zr, Hf) under Hydrogen atmosphere”, Journal of 
Physical Chemistry C 120(1),118–125.. 
[6] Devaiah, D., Reddy, L.H., Kuntaiah, K. and Reddy, B.M. (2011). “Design of novel ceria-based nano-oxides 
for CO oxidation and other catalytic applications”, India Journal of Chemistry A 51(1) 186-195. 
[7] Reddy, B.M., Bharali, P., Saikia, P., Khan, A., Loridant, S., Muhler, M. and Grünert, W. (2007). “Hafnium 
Doped Ceria Nanocomposite Oxide as a Novel Redox Additive for Three-way Catalysts”, Journal of 
Physical Chemistry C 111(5), 1878-1881. 
[8] Reddy, B.M. Bharali, P., Thrimurthulu, G., Saikia, P., Katta, L. and Park, S. (2008). “Catalytic Efficiency of 
Ceria–Zirconia and Ceria–Hafnia Nanocomposite Oxides for Soot Oxidation”, Catalysis Letters 123(3), 
327-333. 
[9] Reddy, B.M., Bharali, P., Saikiasang, P. and Parkmaurits, E. (2008).  “Structural charadterization and 
catalytic activity of nanosized CexM1-xO2 (M= Zr and Hf) mixed oxides”, Journal of Physical Chemistry C 
112(22), 11729-11737. 
[10] Baidya, T., Hedge, M.O. and Gopalakrishnan, J. (2007). “Oxygen-Release/Storage Property of Ce0.5M0.5O2 
(M = Zr, Hf) Oxides: Interplay of Crystal Chemistry and Electronic Structure”, Journal of Physical 
Chemistry B 111(3), 5149-5154. 
[11] Reddy, B.M., Lakshmi, K. and Gode, T. (2011). “Novel nanosized CexZr1−xO2, CexHf1−xO2 and 
CexTb1−xO2−δ solid solutions: Structural characteristics and catalytic performance”, Catalysis Today 175(1), 
585-592. 
[12] Popov, V.V., Menushenkov, A.P., Khubbutdinov, R.M., Yastrebtsev, A.A., Svetogorov, R.D., Zubavichus, 
Y.V., Trigub1, A.L., Sharapov, A.S., Pisarev, A.A., Kurilkin, V.V., Tsarenko, N.A. and Arzhatkina, L.A. 
(2017). “Influence of synthesis conditions on the crystal structure of the powder formed in the HfO2 - 
CeO2/Ce2O3 system”, Journal of Physics: Conference Series 941, 012080-012086. 
[13] Baidya, T., Hegde, M.S. and Gopalakrishnan, J. (2007). “Oxygen-Release/Storage Properties of Ce0.5M0.5O2 
(M= Zr, Hf) Oxides: Interplay of Crystal Chemistry and Electronic Structure”, Journal of Physical 
Chemistry B 111(19), 5149-5154. 
[14] Alammar, T., Chow, Y. and Mudring, A. (2014). “Energy efficient microwave synthesis of mesoporous 
Ce0.5M0.5O2 (Ti, Zr, Hf) nanoparticles for low temperature CO Oxidation in an ionic liquid – a comparative 
study”, New Journal of Chemistry 39(1), 1339-1347. 
[15] Baidya, T., Dutta, G., Hegde, M.S. and Waghmare, U.V. (2008). “Noble metal ionic catalysts: correlation of 
increase in CO oxidation activity with increasing effective charge on Pd ion in Pd ion substituted Ce1-
xMxO2-∂ (M = Ti, Zr and Hf)”, Dalton Transaction 21((6), 455-464. 
[16] Vanpoucke, D.E.P. (2016). “Doping OF CeO2 as a Tunable Buffer Layer fo Coated Superconductors: A Dft 
Study of Mechanical and Electronic Properties”, Developments in Strategic Ceramic Materials:  Ceramic, 
engineering and science proceedings 36(8), 169-177. 
[17] Juan, P.C., Liu, C.H., Lin, C.L., Ju, S.C., Chen, M.G., Chang, I.Y.K. and Lu, J.H. (2009). “Electrical 
characterization and dielectric property of MIS capacitors using a high k CeZrO4 ternary oxide as the gate 
dielectric”, Japan Journal of Applied Physics 48(2), 1-5. 
[18] Dong, G.F. and Qiu, Y. (2009). “Pentacene thin-films transistors with Ta2O5 as the gate dielectric”, Journal 
of Korea Physics Society 54(1), 493-497. 
[19] Zhu, X.H., Zhu, J.M., Li, A.D. and Ming, N.B. (2009). “Chanllenges in atomic scale characterization of 
high-k dielectrics and metal gate electrodes for advanced CMOS gate stacks”, Journal of Material Science 
and Technology 25(3), 289-313. 
[20] Rahmani, M., Ahmadi, M.T., Abadi, H.K.F., Saeidmanesh, M., Akbari, E. and Ismail, R. (2013). 
“Analytical modeling of trilayer grapheme nanoribbon Schottky-barrier FET for high speed switching 
Advances in Physics Theories and Applications                                                                                                  www.iiste.org 
ISSN 2224-719X (Paper) ISSN 2225-0638 (Online) 
Vol.74, 2018         
 
6 
 
applications”, Nanoscale Research Letter 8(1), 55-60. 
[21] Ding, S.J., Chen, H.B., Cui, X., Chen, X.S., Sun, Q.Q., Zhon, P. Lu, H.L., Zhang, D.W. and Shen, C. 
(2013). “Atomic layer deposition of high density Pt nanodots on Al2O3 film using (MeCp)Pt(Me)3 and O2 
precursors for nonvolatile memory applications”, Nanoscale Research Letter 8(1), 80-85. 
[22] Chalker, P.R., Werner, M., Romani, S., Potter, R.J. Black, K., Aspinall, H.C., Jones, A.C., Zhao, C.Z., 
Taylor, S. and Heys, P.N. (2008). “Permittivity enhancement of hafnium oxide high-k films by cerium 
doping”, Applied Physics Letter 93(3), 182911-182918. 
[23] Gang, H., Deng, B., Sun, Z.Q., Chen, X.S., Liu, Y.M. and Zhang, L.D. (2013). “CVD-derived Hf-based 
high-k gate dielectrics”, Critical Review Solid State Material Science 4(4), 235-261. 
[24] Hohenberg, P. and Kohn, W. (1964). “Inhomogenous electron gas”, Physical Review B 136(3), 864-871. 
[25] Kohn, W. and Sham, L. (1965). “Self-consistent equations including exchange and correlation effects”, 
Journal of physical Review A 140(4), 1133-1138. 
[26] Perdew, J.P., Burke, K. and Ernzerhof, M. (1996). “Generalized Gradient Approximation Made Simple”, 
Physical Review Letter 77(18), 3865–3868. 
[27] Giannozzi, P., Baroni, S., Bonini, N., Calandra, M., Car, R., Cavazzoni, C., Ceresoli, D., Chiarotti, G.L., 
Cococcioni, M., Dabo, I., Corso, A.D., de Gironcoli, S., Fabris, S., Fratesi, G., Gebauer, R., Gerstmann, U., 
Gougoussis, C., Kokalj, A., Lazzeri, M., Martin-Samos, L., Marzari, N., Mauri, F., Mazzarello, R., Paolini, 
S., Pasquarello, A., Paulatto, L., Sbraccia, C., Scandolo, S., Sclauzero, G., Seitsonen, A.P., Smogunov, A., 
Umari, P. and Wentzcovitch, R.M. 2009. Quantum Espresso: a modular and open-source software project 
for quantum simulations of materials. Journal of Physics 21(39), 395502-395520. 
[28] Monkhorst, H.I. and Pack, J.D. (1976). “Special points for Brillouin zone integrations”, Physical Review B 
13(12), 5188-5192. 
[29] Kresse, G. and Furthmüller, J. (1996). “Efficiency of ab-initio total energy calculations for metals and 
semiconductors using a plane-wave basis set”, Computational Material Science 6(1), 15-50. 
[30] Kresse, G. Furthmüller, J. (1996). “Efficient iterative schemes for ab initio total energy calculations using a 
plane wave basis set”, Physical Review B 54(16), 11169-11186. 
[31] Bachelet, G.B. and Schlüter, M. (1982). “Relativistic norm-conserving pseudopotentials”, Physical Review 
B 25(4), 2103-2121. 
[32] Louie, S.G., Froyen, S. and Cohen, M.L. (1982). “Cohen, Nonlinear ionic pseudopotentials in spin density 
functional calculations”, Physical Review B 26(4), 1738-1742. 
[33] Ahuja, G., Sharma, S. and Arora, G. (2016). “Investigation of electronic structure of CeO2. First principles 
calculations”, International Journal of Chemical Science 14(4), 1910-1917. 
[34] Loschen, C., Carrasco, J., Neyman, K.M. and Illas, F. (2007). “First Principles LDA+U and GGA+U study 
of cerium oxide: Dependence on the effective U parameter”, Physical Review B 75(3), 035115-035122. 
[35] Kanchana, V., Vaitheswaran, G., Svane, A. and Delin, A, (2006). “First Principles study of elastic 
properties of CeO2, ThO2 and PoO2”, Journal of Chemical Physics 125(42), 9615-9624. 
[36] Fronzi, M., Soon, A., Delley, B., Traversa, E. and Stumpfl, C. (2009). “Stability of morphology of cerium 
oxide surfaces in an oxidizing environment: A first principles investigation”, Journal of Chemical Physics 
131(10), 104701-104715. 
[37] Hay, P.J., Martin, R.L., Udden, J. and Scuseria, G.E. (2006). “Theoretical study of CeO2 and Ce2O3 using a 
screened hybrid density functional”, Journal of Chemical Physics 125(3), 034712-034719. 
[38] Skorodumova, N.V., Ahuja, R., Simak, S.I., Abrikosov, I.A., Johansson, B. and Lundqvist, B.I. (2001). 
“Electronic, bonding and optical properties of of CeO2 and Ce2O3 from first principles”, Physical Review B 
64(11), 115108-115116. 
[39] Hill, S.E. and Catlow, C.R.A. (1993). “A Hartree-Fock periodic study of bulk ceria”, Journal of Physical 
Chemistry of Solids 54(4), 411-419. 
[40] Jiang, Y., Adams, J.B. and van Schilfgaarde, M. (2005). “Density functional calculation of CeO2 surfaces 
and prediction of effects of oxygen, partial pressure and temperature on stabilities”, Journal of Chemical 
Physics 123(6), 064701-054708. 
[41] Gerward, L., Olsen, J.S., Petit, L. Vaitheeswaran, G., Kanchana, V. and Svane, A. (2005). “Bulk modulus of 
CeO2 and PrO2. An experimental and theoretical study”, Journal of Alloys and Compounds 400(1), 56-61. 
[42] Nakajima, A., Yoshihara, A, and Ishigama, M. (1994). Defect induced raman spectra in doped CeO2”, 
Physical Review B 50(18), 13297-13307. 
[43] Duclos, S.J., Vohra, Y.K., Ruoff, A.L., Jayaraman, A. and Espinosa, G.P. (1988). “High pressure X-ray 
diffraction study of CeO2 to 70GPa and pressure induced phase transformation from the fluorite structure”, 
Physical Review B 38(11), 7755-7758. 
[44] Marabelli, F. and Wachter, P. (1987). “Covalent insulator CeO2: Optical reflectivity measurements”, 
Physical Review B 36(2), 1238-1243. 
